Lithium-ion batteries are a leading candidate for electric vehicle and smart grid applications. However, further optimizations of the energy/power density, coulombic efficiency and cycle life are still needed, and this requires a thorough understanding of the dynamic evolution of each component and their synergistic behaviors during battery operation. With the capability of resolving the structure and chemistry at an atomic resolution, advanced analytical transmission electron microscopy (AEM) is an ideal technique for this task. The present review paper focuses on recent contributions of this important technique to the fundamental understanding of the electrochemical processes of battery materials. A detailed review of both static (ex situ) and real-time (in situ) studies will be given, and issues that still need to be addressed will be discussed. NPG Asia Materials (2015) 7, e193; doi:10.1038/am.2015.50; published online 26 June 2015
INTRODUCTION
To implement the commercialization of lithium-ion batteries in electric vehicles and smart grid systems, further improvements are required, especially with respect to the energy/power density, coulombic efficiency and cycle life. These parameters primarily depend on the diffusion of lithium-metal ions, electron transport, structure and chemical dynamics of the electrode/electrolyte materials, among others. During electrochemical cycling, significant changes in the material structure and elemental distributions occur, including ion relocation, lattice expansion/contraction, phase transition and structure/surface reconstruction. These changes could substantially influence ion and electron transport and affect the performance of the entire battery system. Understanding the structure-property relationships for each component and their synergistic behaviors during electrochemical processes is, therefore, essential for the design of new battery materials and the optimization of existing systems.
Although many analysis techniques (for example, X-ray diffraction, X-ray absorption spectroscopy, neutron diffraction, nuclear magnetic resonance and so on) have been employed for such studies, most of them can acquire only spatially averaged information. Nevertheless, the structural and chemical evolution of battery materials upon electrochemical cycling can often be linked to specific nanofeatures, such as defects, interfaces and surfaces. As a result, techniques based on analytical transmission electron microscopy (AEM) are ideal tools to study these issues. The capability of AEM to precisely probe the structural/chemical evolutions at an ultrahigh spatial resolution frequently provides insight that cannot be obtained directly using macroscopic characterization methods.
In this review article, recent AEM developments to study lithiumion batteries will be highlighted, and the implementation of these techniques will be described using representative examples demonstrating how advanced microscopy methods can significantly promote the fundamental understanding of battery materials. Both the static (ex situ) studies using high-resolution electron microscopy and the recently developed dynamic (in situ/operando) AEM techniques for battery research will be covered. Ideas for future research directions will also be discussed.
RECENT ADVANCEMENTS IN AEM CAPABILITIES
Over the past two decades, a number of significant improvements in AEM have provided substantial opportunities for understanding the working mechanisms of battery materials. Of these capabilities, the most important is the direct observation of the atom positions, chemical bonds and ion/electron distributions at the atomic scale ( Figure 1 ). [1] [2] [3] [4] By taking advantage of the various scattering processes that occur between the incoming electrons and atoms in the material, analytical imaging techniques with sensitivities to different structural and chemical information can be simultaneously applied using multiple annular detectors in the scanning transmission electron microscopy (STEM) mode. A high-angle annular dark-field (HAADF) detector provides an image exhibiting a contrast that is proportional to the atomic number (~Z 1.7 ) of the atoms, whereas an annular brightfield (ABF) detector provides an image contrast proportional tõ Z −1/3 , which is ideal for imaging light elements such as lithium. 5, 6 A STEM BF detector, which collects elastically scattered electrons, provides phase contrast images that are equivalent to standard BF transmission electron microscopy (TEM) images. 7 By contrast, low-angle annular dark-field imaging forms images by collecting both elastically and inelastically scattered electrons that contribute to the detected signal, and it allows the mapping of strain fields in materials at an atomic resolution. 8 In addition to these imaging techniques, electron energy-loss spectroscopy (EELS) can be used to probe the electronic structures of materials along with elemental analysis. 9, 10 In particular, the EELS spectrum imaging mode provides the unprecedented benefit of quantitatively probing both the chemistry and structure of the nanofeatures at sub-Å resolution. 11, 12 With the recent development of monochromators for electron guns, an energy resolution of 10 meV can be achieved for the EELS analysis, which not only enables the study of the electronic structure and atomic bonds with a much higher accuracy but also provides the capability of interrogating vibrational features in solid materials. 1, 13 Improvements in ultrahigh spatial and energy resolutions have been accompanied by remarkable advances of in situ TEM techniques, which enable the real-time observation of the dynamic structural and chemical evolution in materials under a variety of external stimuli or battery operating conditions. The progress in this field is evident, as demonstrated by the success of in situ mechanical testing or heating while maintaining a high spatial resolution, 14, 15 by the imaging of reaction processes in gases and liquids, [16] [17] [18] [19] by the observations of reactions and phase transformations upon external biasing 20, 21 and so on. In addition, the newly developed CMOS camera, which enables the direct electron detection and fast image acquisition at over 400 frames per second for 1 × 1 K images, has significantly advanced the capability to observe fast reactions in real time. 22 These noteworthy developments in electron microscopy have created unparalleled opportunities for understanding the working mechanism of battery materials, which will eventually accelerate the design/discovery of novel battery materials and systems.
HIGH-RESOLUTION AEM OF BATTERY MATERIALS
The combination of sub-Å-resolution STEM imaging and EELS has provided vital insight into the relationship between structure, composition and properties of different battery components. The importance of this research will be discussed below from the perspectives of the electrode and solid electrolyte materials.
Electrode materials
On the basis of the reaction chemistry, electrode materials can be divided into three types: intercalation, conversion and alloying materials. Intercalation materials, which are most commonly used as the cathodes, are typically transition metal oxides. The host structure does not change during the insertion and extraction of the lithiummetal ions. Conversion materials are mostly transition metal oxides and fluorides, where the cycling is associated with a change in the host structure and the formation of transition metal nanoparticles or lithium oxides. Alloying materials form an alloy with the lithium metal during cycling, which is often accompanied by a volume change. Although AEM has played a crucial role in understanding the electrochemical behaviors of all three of these types of materials, this section will primarily focus on the AEM studies of the intercalation materials, which have the broadest interest for both fundamental studies and commercial applications.
Among the intercalation materials, Li-excess layered compounds, high-voltage spinels and olivines have received the most significant attention. Although their overall structure remains the same during charge/discharge, the changes in the Li concentration are always accompanied by localized structural modifications, such as expansion/ contraction of the lattice, phase transitions, surface reconstruction and so on. These phenomena are typically the key to comprehend the electrochemical behavior of the materials. With a sub-Å spatial resolution, advanced electron microscopy provides unique insight into these processes.
Recent microscopy studies have significantly advanced research of the Li-excess layered materials, xLi 2 MnO 3 − (1 − x)LiMO 2 (M = Mn, Ni, Co, Fe, Cr and so on), which possess the highest capacity of all of the intercalation cathode materials. Two important characteristics have been debated for this family of materials: the crystal structure of the pristine material and the microscopic origin for the performance degradation upon cycling. The disagreement on the former one lies in Figure 1 State-of-the-art (S)TEM techniques and their applications in battery research. 26, 62, 63, 69 All figures have been reproduced with permission. STEM, scanning transmission electron microscopy; TEM, transmission electron microscopy.
Advanced AEM for lithium-ion batteries D Qian et al the phase constitution: the pristine material could either consist of closely intertwined R3m and C2/m phases or simply be a single-phase solid solution with the C2/m structure. X-ray and neutron diffraction cannot directly distinguish between these two structures due to the overlapping diffraction peaks and the weakness of the superlattice diffraction. However, they can be easily differentiated via atomicresolution HAADF-STEM imaging, and the three-time periodicity of the atomic configuration along the 110 Â Ã zone axis of the C2/m structure which is absent in the R3m phase. On the basis of this fact, Jarvis et al. 23 reported that their Li-excess layered material is a solid solution. By contrast, Bareno et al. 24 found a locally Li 2 MnO 3 -like region within the parent rhombohedral Li-excess layered material structure, and Boulineau et al. 25 observed the coexistence of the two phases, R3m and C2/m, with the same nominal composition. The precise structural determination in these microscopy studies reconciled the long-standing debate. Instead of exhibiting a definitive structure, the pristine material could exhibit different phase constitutions depending on the transition metal species, bulk stoichiometry, synthesis method and calcination temperature.
The second question, that is, the performance degradation mechanism during cycling, is directly related to the main obstacle to the commercialization of this promising cathode material. Through combined electron microscopy studies and theoretical calculations, Meng et al. identified the most important structural origin for the performance degradation. [26] [27] [28] [29] They found that due to the diffusion of the transition-metal (TM) ions to stable sites within the Li-rich intercalation planes (purple arrows in Figures 2a and b) , a defective TM-rich spinel surface layer formed after cycling. Similar observations have been made by other research groups. 25, 30 This~1-2-nm-thick TM-rich surface layer has been speculated to be the primary cause for the voltage decay, 28 and a novel oxygen-vacancy-assisted TM migration mechanism has been proposed to facilitate its formation. However, different opinions also exist. Boulineau et al. 30 proposed that a surface Ni/Mn segregation, instead of the surface phase transformation, is the origin for the performance degradation. Moreover, Gu et al. 31 suggested that the non-uniform TM distributions and the nanophase separation also influence the voltage evolution. Despite such a disagreement on the specific origin of the performance degradation, Wu et al. recently identified the voltage range where the detrimental reactions occur. According to their STEM/EELS study on the materials cycled at different upper cutoff voltages, the detrimental surface phase transformation and nanophase separation was initiated and exacerbated exclusively between 4.4 and 4.8 V. 32 Although the exact mechanism for the performance degradation remains an open question, the detailed surface evolutions unraveled by these microscopy studies certainly have provided indispensable information for eventually solving this problem.
Another important example of how electron microscopy has contributed to the research of intercalation materials is the olivinestructured LiFePO 4 (LFP). With its low cost, non-toxicity, excellent thermal stability and environment friendliness, LFP has become one of the most attractive intercalation cathode materials. However, the defects resulting from the site exchange between Li and Fe (denoted as Fe Li ) block the one-dimensional Li + transport pathways in LFP and limit the electrochemical performance. Knowledge of the concentration and distribution of Fe Li in LFP is critical for optimizing its performance. Although the amount of the anti-site defects can be easily determined using neutron diffraction, the distribution can be studied only using atomic-resolution annular BF-STEM imaging, which has an ultrahigh spatial resolution and is also sensitive to light elements such as lithium. 9, 10 With the aid of this technique, Chung et al. 33 discovered the localized aggregation behavior of Fe Li . 34 On the basis of their observations, a vacancy-driven mechanism was proposed for the formation of the localized defect segregation (Figure 3a) . 35 In addition to unraveling the defect distribution, electron microscopy has also been used for the detailed investigation of the intercalation mechanisms in LFP. Instead of being a single-phase compound, LFP exhibits two coexisting phases during cycling: LiFePO 4 and FePO 4 . The charge/discharge occurs via the migration of the boundary between these two phases. Understanding the Li insertion/extraction mechanism at this interphase boundary is essential to understanding the electrochemical behavior of LFP. [36] [37] [38] [39] Figure 2 HAADF-STEM images of Li-excess layered materials (a) at the pristine state and (b) after 10 cycles. 27 (c, d) EELS comparison of the particle surface and bulk for the pristine and cycled materials. 26 (e) Spatially resolved EELS O-K edges from the surface to the bulk in the cycled Li-excess layered material. 29 All figures have been reproduced with permission. HAADF, high-angle annular dark field; STEM, scanning transmission electron microscopy.
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With a high spatial resolution, electron microscopy studies have been used to determine the initial experimental observations of the phenomenon. Thus, several models, such as the core-shell, 37 spinodal, 38 domino cascade models 39 and so on, were developed to describe the Li insertion at the LiFePO 4 -FePO 4 boundaries.
Beyond the intercalation materials, electron microscopy is also a valuable asset in the study of conversion and alloying materials. For example, because the cycling of conversion materials typically leads to the formation of metallic nanoparticles and lithium oxide/fluoride, which differ significantly in their average atomic number, the phase conversion process can be directly visualized using Z-contrast HAADF-STEM imaging and the associated elemental mapping (Figures 3c and  d) . [40] [41] [42] In addition, the intermediate and final reaction products and volume change of Si, which is the most important alloying anode material, can also be determined by a combination of STEM/EELS and electron diffraction. The results provide valuable insight into the structural and morphological optimization of Si-based materials. 43, 44 Thus, although the conversion and alloying materials have not been as extensively studied as the intercalation materials, advanced electron microscopy is still vital to understanding the microscopic mechanism of their electrochemical behaviors.
Electrolytes
Due to the safety concerns associated with the flammability and low vapor pressure of conventional carbonate-based liquid electrolytes, stable solid electrolytes have received tremendous attention. 45 However, the study of solid electrolytes using AEM is challenging. With abundant mobile ions and a small electronic conductivity, the solid electrolytes undergo much more severe electron beam irradiation than the cathode materials. 42, 46, 47 As a result, the atomic-resolution (S)TEM studies on solid electrolyte materials are quite rare. 44, [47] [48] [49] [50] [51] [52] [53] [54] [55] Regardless, the limited number of papers have provided unique insight into their ionic conduction behaviors and paved the way for the design and discovery of high-performance solid electrolytes.
The primary bottleneck for the application of solid electrolytes is their low conductivity. A rational optimization strategy cannot be formed without a proper understanding of the Li + transport behavior, which consists of the following three aspects: the Li + transport (1) within the lattice (grain interiors), (2) along/across the grain boundaries and (3) across the electrode/electrolyte interfaces. Although the study of the first one has frequently been performed using many different characterization techniques, the other two, in many cases, can be directly studied only by AEM.
The Li + conduction behavior within the lattice is dictated by the presence of Li + percolation pathways. The high spatial resolution and sensitivity to minor structural differences make AEM particularly suitable for studying these features. Using precession electron diffraction, which has the advantage of minimizing the distraction from double diffractions, Buschmann et al. 47 successfully distinguished between the tetragonal and cubic phases of the garnet, Li 7 La 3 Zr 2 O 12 (LLZO). The disordered Li distribution in the cubic polymorph is essential for explaining its higher ionic conductivity. In the same Advanced AEM for lithium-ion batteries D Qian et al paper, efforts were also made to study the atomic structure via HRTEM, but only limited information was acquired due to the quick amorphization of the material under the electron beam. Using a low electron beam current and a stable cryogenic sample stage, the difficulty was mitigated in our recent work. 53 Atomic-resolution HAADF-STEM imaging was, thus, successfully performed on the cubic LLZO. 53 In addition to the overall crystal structure, AEM is also very effective for probing the local chemical variation, such as the Li distribution, element valence state change, alteration of bond angles and so on. Gao et al. 55 took advantage of the light-element sensitivity of annular BF-STEM and precisely determined the Li position in (Li 3x La 2/3-x )TiO 3 , a system showing the highest bulk conductivity among all of the oxide solid electrolytes (Figures 4a and b) . 45 Furthermore, the Li content, the valence state of Ti and the geometry variation of the oxygen octahedra in the alternating La-rich and La-poor layers were revealed via the associated EELS analysis. 55 The same authors also reported the local structural and chemical variation across the boundaries between the La-rich/poor ordering domains, and they concluded that the domain boundaries serve as obstacles for the Li transport. 49 The precise analysis of the local features provided invaluable insight for interpreting the ionic conduction mechanism. Although most studies on solid electrolytes are focused on the Li transport within the lattice (grain interiors), the grain boundaries are also important. The bulk conductivity of many solid electrolytes is actually sufficiently high for the applications. 45 It is their large grainboundary resistance that lowers the total conductivity by several orders of magnitude. 45 Unfortunately, due to the lack of knowledge on the grain-boundary conduction mechanism, no effective optimization strategy has been formed. Because the grain boundaries are typically as thin as several unit cells, the ultrahigh spatial resolution in AEM is an ideal tool to study them. Recently, Ma et al. 54 was the first to successfully scrutinize the structure and chemistry of the grain boundaries in (Li 3x La 2/3-x )TiO 3 (LLTO), a typical example of a Li + superionic conductor that is plagued by poor grain-boundary conductivity (Figures 4c-e) . A local structural fluctuation at the grain boundaries was found to prohibit the abundance of Li, which hinders the ionic transport. The capability of AEM to resolve these issues has clearly been demonstrated. Nevertheless, there has been little effort devoted to these studies, and the grain-boundary conduction mechanism for many important systems remains unknown.
Finally, AEM is also very effective in the study of interfaces. Similar to the solid-electrolyte interphase (SEI) layer in conventional Li-ion batteries with organic liquid electrolytes, interfacial layers between the intercalation cathodes and the solid electrolytes, i.e. the so-called cathode-electrolyte interphase (CEI), are frequently observed. [50] [51] [52] A fundamental understanding of the structure and chemistry of these interfaces is necessary to optimize battery performance. On the basis of the combined imaging and energy-dispersive X-ray spectroscopy (EDX) analyses, the interface in most systems was found to form via the mutual diffusion between the cathode and solid electrolyte. [50] [51] [52] Unlike the SEI layers in conventional Li-ion batteries, the CEI interfaces are more detrimental than beneficial, and their existence typically introduces a large interfacial resistance and degrades the battery performance. [50] [51] [52] In summary, AEM has provided critical insight into the research of ionic transport in solid electrolyte materials. Its high spatial resolution offers a unique advantage for studying localized features such as grain boundaries and interfaces. However, because the electron radiation 55 (c) HAADF images of a grain boundary in LLTO. 54 EELS data of (d) Li-K and (e) Ti-L 2,3 edges for the grain boundary and the bulk of LLTO. 54 All figures have been reproduced with permission. HAADF, high-angle annular dark field.
Advanced AEM for lithium-ion batteries D Qian et al damage of solid electrolytes is especially difficult to control, currently the atomic-resolution STEM/EELS studies can be performed in only a very limited number of systems. Clearly, the implementation of this powerful tool in the study of solid electrolytes requires a comprehensive investigation of the radiation damage mechanism, which can guide the optimization of the electron beam conditions for each specific system.
DYNAMIC/IN SITU MICROSCOPY FOR BATTERY RESEARCH
Because of the dynamic nature of electrochemical processes, it is important to reveal the real-time structural and chemical changes in battery materials under relevant operating conditions. This task demands in situ analysis. Compared with the macroscopic in situ analysis techniques, in situ (S)TEM-based methods directly visualize material behaviors in real time with a high spatial and temporal resolution. However, introducing the operation conditions of real batteries into the column of an electron microscope is challenging. More specifically, at least these three requirements need to be strictly fulfilled: (1) the cell size must fit within the microscope's narrow polepiece gap (typically 5-10 mm), (2) the sample should be sufficiently thin for electron beam transparency, and (3) the cell design must be high-vacuum friendly. In the following sections, the most extensively studied in situ microscopy cell configurations for battery research will be discussed in detail.
Open-cell configuration
In an open-cell configuration (Figure 5a ), the electrolyte is either solid Li 2 O or a low-vapor-pressure ionic liquid (IL) that makes point contact with the cathode. An overpotential is applied to the cathode, and Li + is driven from one electrode to the other. The lithiation process during electrochemical cycling for several electrode materials has been studied using this configuration. [56] [57] [58] [59] Although intercalation materials were also studied, alloying and conversion anode materials have been more frequently studied because the large volume change that is associated with the charge/discharge can be readily detectable even under low magnifications. Liu et al. 60 reported the direct observation of anisotropic swelling of Si nanowires during lithiation, and a following study further revealed electrochemical-induced fractures on the nanostructured Si that had different particle sizes. 56 The lithiation process was observed at the atomic scale, which led to the discovery of a layer-by-layer peeling mechanism for the lithiation on Si {111} facets, 57 and it explained the orientation-dependent Li mobility in Si. Wang et al. 58 studied the lithiation mechanism of amorphous SnO 2 nanowires and observed a simultaneous partitioning and coarsening characteristic of Li x Sn as a result of Sn and Li diffusion. Zhu et al. 59 imaged the LiFePO 4 /FePO 4 phase boundary movement during electrochemical cycling for the first time. Wang et al. studied the conversion reaction for FeF 2 , which was observed to start at the surface and propagate into the bulk in a manner similar to spinodal decomposition. 61 In addition to the half-cell configuration that uses Li metal as the electrode, full-cell configurations have also been used recently. For example, Huang et al. 62 used LiCoO 2 as the counter electrode to SnO 2 and observed a reaction front propagating in the lithiated SnO 2 nanowire, as depicted in Figure 5b .
The in situ open-cell configuration has provided invaluable nanoscale information to identify the lithium transport mechanisms 62 (b) The high density of dislocations emerging from the reaction front was revealed in a single SnO 2 nanowire. 62 All figures have been reproduced with permission.
Advanced AEM for lithium-ion batteries D Qian et al in several electrode materials. However, its simple configuration not only limits the selection of materials (especially the electrolytes) but also prevents the simultaneous recording of electrochemical data. Moreover, the cycling is also difficult to control. Therefore, other in situ configurations have been developed to overcome these limitations.
Liquid-cell configuration
The limitations of the open-cell configuration for in situ microscopy studies stimulated the development of other configurations that can better mimic actual batteries. One promising strategy is the liquid-cell configuration in which a fully functioning miniature battery is sealed with silicon nitride membranes to prevent the evaporation of the liquid electrolyte. In contrast to the open-cell configuration, the liquid-cell configuration not only allows for the integration of commonly used electrolytes but also preserves the intimate electrodeelectrolyte contact in real batteries. It is presently the only electron microscopy technique that enables the in situ observation of the structural and chemical evolution of materials in a electrochemical cell with a high vapor pressure. With these advantages, researchers have acquired valuable insight that was difficult to obtain in the open-cell configuration. When Gu et al. 63 applied the liquid-cell configuration to study a battery with a Si nanowire electrode (Figure 6a ), they not only observed phenomena that are consistent with the open-cell studies but also successfully unraveled the dynamics of the electrolyte, which is difficult to probe using the open-cell setup. 64 Following this pioneering work, Zeng et al. 22 observed Li metal dendritic growth and SEI layer formation (Figures 6b and c) 65 used a similar configuration to determine the lithiation state of LiFePO 4 in real time with a relatively high spatial resolution. Beyond these discoveries, the liquid-cell configuration also holds potential for further improvements. For example, higher spatial resolution may be achieved by either decreasing the liquid and window thickness or using high-atomic-number anodes and cathodes. Despite these discoveries, the liquid-cell configuration has several limitations. One of its primary disadvantages is the low spatial resolution. The presence of silicon nitride membranes and the liquid electrolyte reduces the overall electron transparency of the miniature battery. As a result, the liquid-cell configuration is mostly suitable for probing the morphology changes, such as the Li dendrite growth, but cannot directly study the detailed structural and chemical evolution at the atomic scale. Unfortunately, the chemical evolution is typically more essential for understanding the electrode processes. Clearly, preserving the full functions in miniature batteries is not sufficient for a detailed in situ TEM study. Minimizing the additional thickness and maintaining a high spatial resolution are also important.
All-solid-state microbattery
The all-solid-state microbattery approach can circumvent the disadvantages of the liquid-cell configuration without sacrificing the integrity of the batteries. In this configuration, the focused ion beam (FIB) system is used to fabricate a cross-sectional lamella from an all-solid-state thin-film battery, as shown in Figures 6d-f . The FIB-prepared lamella not only preserves the full function of the thin-film battery but also is thin enough (⩽100 nm) for electron 67 (e, f) The EELS mapping of Ni, V, Li and Li intensity of the microbattery in (d). 67 All figures have been reproduced with permission.
Advanced AEM for lithium-ion batteries D Qian et al transparency. Without interference from the silicon nitride membranes and organic electrolytes used in the liquid-cell configuration, the all-solid-state microbattery approach can provide more detailed structural and chemical information at a much higher spatial resolution. In 2010, Yamamoto et al. 66 successfully applied this configuration to visualize the electric potential variation during the charge/discharge processes for the first time. Using a piece of 90-μm-thick NASICON-type glass ceramic (Ohara Inc., Kanagawa, Japan) as the electrolyte and 800-nm-thick LiCoO 2 as the cathode, the pristine-state battery was configured as Au/LiCoO 2 /solid electrolyte/Pt. During the first charge, the solid electrolyte region adjacent to the Pt was reduced, which then served as the anode for the following discharge. With this setup, the two-dimensional potential distribution that resulted from the movement of Li + near the LiCoO 2 /solidelectrolyte interface was clearly visualized. This success stimulated an intense interest in the further development and application of the allsolid-state microbattery approach for more in-depth analysis.
Despite its apparent advantages, presently this technique is much less developed than the two previously discussed techniques, and many problems still need to be addressed. First, the small thickness of the microbatteries (usually 100 nm or less) poses a formidable challenge. Cycling of a Li-ion battery usually demands a current density less than a few or tens of mA cm − 2 (otherwise, the battery will fail catastrophically). 67 Because of the small dimensions of the FIB-prepared lamella needed for TEM observation, an extremely weak current of only a few pA is required to meet the current-density requirement, and implementing this high current resolution is challenging for most in situ TEM holders. Second, the instability of solid electrolytes creates complications. Although not volatile like the liquid-organic electrolytes, many solid electrolytes are air or moisture sensitive. For example, the most important thin-film electrolyte, LiPON, easily decomposes by reacting with the moisture in air, and almost all sulfide-based solid electrolytes, despite their high conductivity, suffer severely from hydrolysis. 45 Therefore, appropriate air protection is necessary for specimen transfer and storage outside the vacuum systems of the FIB and AEM. Third, the re-deposition of milled battery materials during FIB fabrication could easily cover both the cathode and anode, shorting the entire microbattery stack. Finally, electron beam induced damage of the battery materials during (S)TEM observation must be minimized and/or eliminated by the careful control of the imaging and analysis conditions. Because of these challenges (and possibly many other unknown difficulties), the full charge/discharge cycle has not been reported since Yamamoto's in situ electron holography study in 2010. Only a few relatively successful attempts have been made. For example, Meng et al. 67 have performed in situ TEM studies on Au/SnO 2 /Li 3.4 V 0.6 Si 0.4 O 4 /LiCoO 2 /Pt and Au/LiCoO 2 /LiPON/Si/Cu 68 microbatteries. Although neither of them implemented a full charge/ discharge cycle, the elemental distributions across the interfaces were successfully visualized, and valuable experiences for fabricating a microbattery FIB lamella were obtained. Clearly, the all-solid-state microbattery configuration is still in its infancy compared with the open-cell and liquid-cell approaches. Regardless, this technique exhibits great potential to unravel the atomic-scale structural and chemical evolution during battery operation and is thus attracting increasingly intense interest.
CONCLUSIONS AND PERSPECTIVES
In this review, we focused on the recent progress in the application of AEM for studying lithium-ion batteries. With the remarkable advancement of the instruments, many of the previously formidable tasks, such as visualizing the distribution of light elements, unraveling the interface structure and chemistry at the atomic scale, probing the SEI layers and so on, are now achievable. Such capabilities have increased the fundamental understanding of the electrochemical behaviors of several important electrode and solid electrolyte materials. In addition to the static and ex situ studies, innovative in situ TEM techniques have also been developed to study the dynamic electrochemical processes during charge/discharge. Among the three categories of the most extensively pursued in situ TEM configurations, the all-solid-state microbattery approach can possibly circumvent the primary limitations of the open-cell and liquid-cell configurations without compromising the battery integrity. These characteristics hold great promise for realizing atomic-scale observations of the dynamic structure and chemical evolution during battery operation, which are keys for understanding and improving battery performances.
